For several electrochemical and photovoltaic applications, nanoporous structures confer advantages over bulk, macro-, or micro-porous materials. As the pore size decreases, the available surface area increases for a constant volume of material. Such an active surface can be inherently catalytic or photoactive, modified to display functional groups, or loaded with active materials. Porous nanostructures have been employed to improve the device performance for batteries, [1] catalytic electrodes, [2] biosensors, [3] and photovoltaics. [4] For instance, in bulk heterojunction solar cells, especially those relying on conjugated polymers for light absorption, a nanoporous bi-continuous morphology is essential to achieving high performance because of the limited lifetime of photogenerated excitons in conjugated polymers. [5] In addition, systems such as tandem solar cells require the stacking of different layers of materials for selective light absorption, which calls for a high degree of control over the spatial organization of nanomaterials inside the thin film. [6] [7] [8] For electroluminescent, photovoltaic, and photocatalytic devices, electron donor and electron acceptor materials must be in close contact and share a large interfacial area to improve charge transport and dissociation. Finally, for any form of electro-or photocatalysis, the pathways for charge transport to the electrodes must be as continuous and direct as possible. Therefore, a nanoporous network of nanowires can serve as a useful template for the assembly of many classes of active materials.
Typically, nanopore arrays are created with energy intensive specialized processes such as electron beam etching, nanoimprinting lithography, [4a] or atomic layer deposition. [9] The simple template approach is also commonly used, and generally consists of assembling biological scaffolds or block co-polymers into organized networks followed by nucleating materials, specifically or not, onto the resulting structure. However, most of these templating techniques generate mesopores [10] or micropores, [11] as opposed to nanopores.
It has previously been demonstrated that the M13 bacteriophage, which is ~ 880 nm in length and 6.6 nm in diameter, can be utilized as a template to generate singular nanowires through a sequential nucleation, growth, and annealing process. [12] The 2,700 copies of its pVIII coat protein can be engineered to display affinity for specific materials, making these phages excellent templates for nanoscale manipulation of metals [13] , metal oxides [11] , conjugation of organic compounds, and even binding of carbon nanostructures such as nanotubes and graphene. [14] We have found that it is possible to construct nanoporous networks via layer-by-layer (LbL) assembly of the high aspect ratio M13 bacteriophage and that these networks can be assembled with nanoscale control of their composition and maintenance of their binding and templating capabilities. With such functional networks, the performance of photovoltaic, optical and electrochemical devices relying on high aspect ratio structures for charge transport and nanoscale features could be greatly improved.
Layer-by-layer assembly provides a means to assemble nano-objects in a tightly controlled manner in terms of thickness, morphology, and composition at the nanoscale. Additionally, it has the key advantage of being a low-cost, aqueous solution-based technique. [15] LbL assembly leverages electrostatic interactions, hydrogen bonding, or covalent crosslinks to build films. The latter allows for the assembly of singular nano-objects, such as the M13 bacteriophage, onto a substrate. Conversely, techniques that randomly crosslink nanomaterials such as phage in the bulk state using conventional 'one-pot' chemistry often results in gels with high porosity but contain aggregated or bundled nanostructures and larger pores, which decreases the functional surface area available for electrochemical or photocatalytic reactions. [16] In previous work, M13 bacteriophages have been adsorbed onto the surface of layer-bylayer assembled polymer films [17] and have been used as polyanions in combination with polymers to tune the morphology of LbL films. [11] Herein, we describe a novel method to assemble nanoporous LbL films composed solely of M13 bacteriophages. As illustrated in Scheme 1, these bacteriophages can be functionalized with nanoparticles or quantum dots, and then serve as vehicles for controllably incorporating them into the thin film. The resulting bacteriophage scaffolds can be further used to template a variety of semiconducting or metallic materials via sol-gel syntheses, thereby generating nanoporous networks of inorganic wires. This work focuses on presenting the properties of the bacteriophage nanotemplate, and demonstrating its ability to assemble porous nanocomposites by controllably introducing gold nanoparticles in the structure, and synthesizing crystalline titania nanoporous networks via biomineralization.
The bacteriophages are assembled in an LbL fashion using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) as a crosslinking agent in a novel and versatile covalent LbL process (see Figure 1A ). This process relies on the crosslinking of carboxylic acid and amine groups, which are ubiquitously present on the surface of any M13 bacteriophage variant. Thus, the process is very versatile and allows for films to be built using bacteriophages with peptides that display many different functionalities. Covalent LbL assembly based on EDC chemistry has been employed by other groups to assemble films of proteins [18] or polymers [19] ; the growth of these films was reported to be linear with the number of repeated cycles. A single protein with a negative surface charge at neutral pH, human serum albumin, could be layered in this fashion, [18] which indicates that repulsive electrostatic interactions do not override the reaction-diffusion driving force that transports the charged nanomaterials from the bulk solution to the surface, enabling the formation of covalent amide bonds.
The films can also be grown on a variety of substrates provided that the surfaces can be either silanized or rendered negatively charged via plasma treatment. We have successfully constructed bacteriophage films on glass, silicon wafers, plastics, and metal foils, and have shown that different surface functionalization methods result in the growth of films with the same morphology using covalent LbL assembly (see Figure S1 ).
The bacteriophage films grow in a linear manner, characteristic of LbL assembly, as shown in Figure 1B and C. Figure 1B shows that the thickness of the film can be predicted based on the number of EDC-phage bilayers (bL), regardless of the solution concentrations and dipping parameters. However, as shown in Figure 1C , the time-rate of growth of a film is dependent on the concentrations of EDC and the bacteriophage, as well as the dwell time during dips. As the film grows, it evolves from a flat bacteriophage-functionalized surface to a porous and rough film, as illustrated in Figure 1D . In the AFM images shown in this figure, the high aspect ratio features observed in the 16 bL image correspond to deposited bacteriophages. These individual features become less detectable as the thickness and roughness of the films increase. The surface roughness is generally proportional to 40% of the overall film thickness, and the porosity of a bacteriophage film was estimated to be 59% based on quartz crystal microbalance measurements (see Table S1 for details). As shown in Figure 1E , a film built on a silicon wafer appears uniform and translucent, yet a TEM crosssection demonstrates its nanoscale features. The diameter of the wire-like features in this TEM image is approximately equivalent to the diameter of a bacteriophage.
Sol-gel syntheses are employed to nucleate nanoparticles onto the phage scaffold and these nanoparticles are then sintered together to form a continuous mesh. Titania, a solutionprocessable photoactive wide-bandgap semiconductor, is an example of a useful material that can be nucleated on the bacteriophage template. To do so, the films are dipped vertically into an aqueous titanium tetrachloride (TiCl 4 ) solution and hydrolysis is allowed to proceed at 80 °C for an hour. The films are then rinsed with deionized water, dried, and annealed at 450 °C in air. This annealing step has a dual role: it converts the amorphous titania to crystalline anatase nanoparticles (See Figure 2G and H for XRD and TEM characterization of the crystalline nanoparticles) and forms continuous structures along the virus template by interconnecting the titania nanoparticles, as well as removes all organic materials from the film via combustion (see Figure S2 ).
The structure of a titania film templated from the bacteriophage network is depicted in Figure 2 . The surface morphology reveals a nanowire-like interconnected mesh, with a wire diameter of 10 nm. Both on the surface and through the cross-section of the film, the vast majority of the pores have a diameter between 4 and 15 nm (see pore size distribution in Figure 2C ), which is a critical size scale for many energy applications.
Precise control over the reaction time for TiO 2 formation and the annealing step parameters are critical for obtaining a nanoporous film that maintains the structure of the bacteriophage template. The dilute TiCl 4 solution is initially transparent, but its color changes as nanoparticles are formed. The solution turns light blue and then white as the nanometersized particles grow and scatter light. If the hydrolysis reaction is stopped prematurely (Figure 2A) , not enough titania has nucleated on the virus to produce well-defined interconnected wires, as compared with films made with a longer reaction time ( Figure 2B ). However, if the reaction proceeds for too long, the film grows thicker on the template surfaces and the nanoporosity is lost, as nanoparticles merge and occlude the pores. The rate at which the temperature is elevated to 450 °C is also a key parameter for the successful preparation of the nanoporous titania. If the temperature is elevated slowly (over more than 30 min), then the bacteriophage scaffolds burn off before the titania nanoparticles are sintered together, resulting in a loss of structure, and the collapse of the film onto the substrate. A fast increase in temperature preserves the three-dimensional structure, but can also cause cracking of the film if the rate is too high (if increased to 450 °C over 10 min or less) ( Figure S3 ). Figure 2D and E show cross-sectional TEM images of a titania-coated bacteriophage film. The dark field image shown in Figure 2D uses contrast to reveal that the titania film is highly porous throughout its depth. In Figure 2E , the morphology of the cross-section can be visualized and a fine interconnected mesh structure is observed uniformly throughout the section.
TEM also allows for a clearer visualization of the bacteriophage-mediated organization of the titania nanoparticles. Figure 2F shows a STEM image of a thin film (10 EDC-phage bilayers) constructed, templated with titania, and annealed on a silicon nitride support film. The pores can clearly be visualized, as well as the sintered nanoparticles arranged into wirelike structures. An elemental mapping of titanium is also shown in Figure 2I .
Noble metal nanoparticles embedded in semiconducting networks produce plasmons, which can enhance the performance of light-absorbing and light-emitting devices. In the bacteriophage films, the distribution of nanoparticles varies significantly with the method of incorporation. Gold nanoparticles (AuNPs) can be added to the structure post-assembly, either by immersing the film into a nanoparticle solution, or by dropcasting this solution onto the film and allowing it to dry. When immersed in a NP solution, the majority of the particles remains on the surface of the film; whereas, capillary forces tend to pull the NPs deeper into the film when they are dropcast on the surface of the film (see XPS depth profiling results in Figure 3A , left panel). The dropcast method results in a more uniform NP distribution, although the concentration of NPs is still higher on the surface. For different M13 variants, different kinds of complexing behavior can be observed within the networks. For instance, the p8#9 variant expresses pVIII proteins with several serine amino acids, which through their hydroxyl groups, can coordinate, stabilize, and organize gold or silver nanoparticles. [13] Another variant, the E3 bacteriophage, expresses three glutamic acids on each of its pVIII proteins, and thus has a negative surface charge at neutral pH [11] due to its available carboxylic acid groups. Figure 3B shows a titania-coated p8#9 phage film onto which AuNPs were dropcasted before titania deposition. The functional groups on the p8#9 pVIII coat protein complex the NPs and uniformly distribute them on the surface. This phenomenon is not observed for all M13 bacteriophage variants. For example, more aggregation is observed when NPs are dropcast onto E3 bacteriophage films, which have a greater tendency to bind metals with less specificity (see Figure S4) . A significant advantage of the LbL assembly method is that nanoparticles can also be incorporated in a more controlled fashion. In the covalently-assembled bacteriophage films, we show that layers of viruses can be precisely assembled on top of each other and remain segregated. Because covalent bonds are linking these layers, the film does not disassemble upon changes in pH or salt concentration, as evidenced by its resistance to the highly acidic TiCl 4 solution used for titania nucleation. In addition, these covalent crosslinks provide a means to tightly control the spatial organization of different templates and their resulting nanomaterials within the films.
As reported previously in our group, M13 bacteriophages can be used as a vehicle to carry nanoparticles. [20] To demonstrate control of this process during LbL assembly, two different film architectures were constructed with bacteriophages that were complexed with AuNPs in solution pre-assembly: (1) the AuNP-phage complexes were assembled in the layers at the bottom half of a multilayer film, while naked bacteriophages were assembled in the layers at top half, or (2) vice-versa. Through XPS depth profiling analysis, as shown in the right panel of Figure 3A , we show that the NPs can be localized near the bottom or top regions of the film, with control within a resolution of 50 nm when using 8 to 20 nm diameter AuNPs. When AuNPs are incorporated during the film assembly, their presence can be visualized macroscopically, as they give a uniform red color to the film (see optical images of films constructed on glass slides in Figure S5 ). When only bacteriophages are assembled, the resulting film is colorless. The precise control over localization of nanoparticles inside bacteriophage films would allow for the flexible design of functional and porous thin films. One could imagine tuning the distribution and concentration of NPs as a function of film thickness, and as a result, create on-demand localized plasmon resonances that affect only certain regions of the film. If, instead, the type of metallic NP is varied in different layers of the film, then the plasmon resonance wavelength could be defined in different sections of the film. Both of these scenarios find applications in designing photovoltaic devices that enhance the electric field and optimize light absorption in specific photoactive materials. Of course, all nanomaterials that M13 bacteriophages are programmed to bind could be incorporated in different layers of the film. For instance, the viruses could carry different nanoparticles into the LbL films in a hierarchical order, for instance quantum dots with different bandgaps for tandem solar cells or optical displays, particles with different dielectric constants for various optical nanostructures (e.g. antireflective coatings, gradient index materials, etc.), and metal nanoparticles for plasmonic-based biosensing or photocatalytic applications.
In order to further investigate the ability of bacteriophages to organize nanoparticles within the film, bacteriophage-AuNP complexes were assembled via LbL and the absorption spectrum of the film was experimentally collected for comparison against controls. Due to the phenomenon of localized surface plasmon resonance (LSPR), the location and width of the absorption peak for spherical AuNPs is very sensitive to two factors: (1) the dielectric function of the medium surrounding the nanoparticle and (2) the distance between neighboring nanoparticles in the system. By comparing the absorption measurements of AuNPs in different environments to theoretical predictions, inferences can be made about the degree of particle aggregation present in virus-based composites. Mie theory provides the extinction cross-secion, C ext , for a nanoparticle much smaller than the wavelength of incident light, which can be employed to predict the absorption spectra of isolated particles immersed in different media [21] : (1) where, a is the nanoparticle radius, ∊ = ∊ 1 + i∊ 2 is the complex dielectric function of the nanoparticle, and ∊ m is the dielectric function of the medium surrounding it.
The dielectic function of a bacteriophage film with a porosity of 59% for wavelengths between 500 and 1700 nm was experimentally determined using ellipsometry (see Supporting Information). By fitting the ellipsometry results to the Bruggeman equation for an effective medium, estimates of the complex dielectric function for pure phage were obtained, which enabled the estimation of the effective dielectric constant observed by AuNPs when complexed onto the surfaces of bacteriophages suspended in aqueous solution (see Supporting Information). By inserting these dielectric functions into ∊ m of Equation 1
and using the experimental dielectric function for gold as measured by Johnson and Christy for ∊, [22] the absorption peaks were predicted for 8 nm diameter AuNPs suspended in aqueous solution, complexed onto the bacteriophage in aqueous solution, or incorporated into a dried bacteriophage film.
It is well known that the formation of AuNP aggregates drastically changes the observed absorption spectra because higher order modes arise with resonance at lower energies, which collectively act to generate a broadened and red-shifted absorption peak. [23] In the simplest case of a AuNP dimer, the electromagnetic fields will couple and a additional orientationdependent resonance peaks will arise at lower energies due to the longitudinal plasmon mode (see Figure S14 of Supporting Information). As shown in Table 1 , the predicted peak positions are in excellent agreement with experimental observations and additional peaks or shoulders ares not observed in any of the absorption measurements. Together these two observations indicate that aggregates do not occur in significant enough abundance to be detected in the samples.
In contrast, when AuNPs are dropcast onto the bacteriophage film after it has been formed, they tend to fill the pores and form larger aggregates because the citrate capping agent loses its negative charge once the solvent is evaporated and an attractive van der Waals force causes neighboring nanoparticles to cluster. As shown in Figure 3C , the measured absorption peak of such films is significantly broadened and red-shifted from the LbL film peak, because, as opposed to isolated sub-wavelength AuNPs that only support the dipole resonance mode, AuNP clusters are able to support multiple higher-order resonance modes. The effect is the same as that observed when citrate-capped gold nanoparticles lose stability in the presence of salt and ethanol [24] or are aggregated via ligand exchange. [25] By exploring the optical properties of the AuNP-bacteriophage films, two important observations have arisen: first, the effective index of bacteriophage-air films for wavelengths between 500 and 700 nm is close to that of water (n flim (λ = 500 nm) = 1.33+i0.10 to n flim (λ = 700 nm) = 1.45+i0.07 and n H 2 O = 1.33, see Figure S6 ). Therefore, if a plasmonic nanoparticle has a LSPR peak in this range when dispersed in water, the peak will be only slighly shifted when incorporated into the nanoporous bacteriophage film via LbL. Secondly, AuNPs must be incorporated into the bacteriophage films during the LbL process in order to remain well-dispersed and preserve the resonance peak location. AuNPs incorporated after the film has been built by LbL will result in aggregation with significantly red-shifted and broadened spectra.
When the AuNP-bacteriophage films created by LbL are templated with amorphous titania and then converted to anatase by annealing, we observe a red-shift in the measured absorbance spectra ( Figure 3D ). This shift is not a result of aggregation, but is due rather to the increase in the effective index of the porous medium upon the introduction of TiO 2 into the system. Although the exact peak shift is dependent upon the degree of titania crystallinity and shell thickness, the finding is consistent with previously reported silvertitania [26] and gold-titania [27] nanoparticle composites. Quartz crystal microbalance was not used to measure the porosity of the anatase titania films because the substrate would not resist the required annealing temperatures. However, by using Bruggemann effective medium theory (see Supporting Information), the film porosity can be estimated by the position of the absorption peak. Based on the observed absorption peak at 567 nm, we estimated the final phage-based anatase titania film to be 53% porous.
In conclusion, we have shown that a covalent LbL assembled film composed only of bacteriophages generates a nanoporous structure that can serve as a scaffold for the nucleation of nanoparticles and nanowire meshes synthesized by a sol-gel method. Although this work focused on nucleating titania, the bacteriophage film can also serve as a scaffold for other materials. Because the bacteriophages have an affinity for gold and are assembled in an LbL fashion, AuNPs can be controllably loaded into specific regions of the film. This method is not limited to AuNPs but could be extended to other nanomaterials that can be directly bound to other M13 bacteriophage variants. For example, certrain variants can bind photoactive quantum dots or silver nanoparticles, which could facilitate the assembly of tandem or plasmon-enhanced solar devices. Furthermore, the nanoporosity of titania films described here and the nanoscale compositional control demonstrated herein are difficult to generate by other methods, making the bacteriophage nanotemplate promising for a variety of thin film devices where both nanoscale pores and high porosity are essential. Finally, the method described here to predict the optical properties of gold nanoparticles in nanoporous organic and inorganic films could be used to rationally design plasmonic-bacteriophage systems for a variety of optical applications.
Experimental
Experimental materials and methods can be found in Supporting Information.
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Refer to Web version on PubMed Central for supplementary material. Bacteriophage film growth and morphology. A. Atomic force microscopy of a silicon substrate functionalized with a single layer of bacteriophages, and schematic representation of the covalent LbL process. B. Grow curve as a function of the number of EDC-phage bilayers, for three different assembly conditions: Diamond (1 bL = 36 min; 75 mM EDC, 5×10 12 phage mL −1 ), Circle (1 bL = 14 min; 75 mM EDC, 10 13 phage mL −1 ), Triangle (1 bL = 14 min; 150 mM EDC, 10 13 phage mL −1 ). C. Growth curve as a function of the total assembly time for the same conditions. D. Surface morphology of the bacteriophage film after 16, 32, 48, 64 and 80 (EDC-phage) bilayers, characterized by AFM. E. Optical image of a 300 bL bacteriophage film constructed on silicon and cross-sectional TEM image of the film, illustrating the nanoporous morphology of the film. Titanium dioxide nanoporous structures. A and B. Top surface SEM images of the phage film coated with titania and annealed at 450°C. In A, the reaction was stopped early (after 40 minutes) and in B the coating was allowed to proceed fully for an optimal reaction time of an hour. The color of the titania solution at each time point is show in the respective inset. Images of films coated with TiO 2 for an hour are shown at two different magnifications. C. Pore size distribution based on 5 different top surface SEM images. The mean pore diameter is 8.1 nm, with a standard deviation of 6.5 nm for an hour reaction in TiCl 4 . D and E. TEM images of the cross-section of a titania network formed after reacting in TiCl 4 for one hour reaction. The film was constructed on silicon and cross-sectioned with a focused ion beam, (D -STEM-Bright Field (BF) image, E -TEM image). F. STEM-HAADF (high angle annular dark field) image contrasting the titania nanowire mesh (brighter), from the silicon nitride support film that the phage film was constructed on (pale grey), and empty spaces (black). G and H. Crystallinity of titania-coated phage films after annealing at 450°C (G -TEM image showing lattice fringes of crystalline titania nanoparticles, H -X-Ray diffraction spectrum of resulting anatase titania). I. STEM-Bright Field image and elemental mapping of titanium for a titania nanowire mesh constructed on a silicon nitride support film. Tight spatial distribution control of the bacteriophage-mediated incorporation of gold nanoparticles. A. XPS depth profiling analysis of the gold distribution as a function of the film depth, converted to nanoparticle to phage ratio for different film architectures. The top panel shows the distribution for nanoparticles infiltrated post-assembly, while the bottom panel shows films that were assembled with phage-nanoparticle complexes. B. SEM image of a phage film infiltrated with AuNPs, and coated with titania. The bright circles are the AuNPs dispersed within the nanowire mesh. C. Comparison of optical properties of AuNPs under different conditions; freely suspended in water, complexed to bacteriophages in solution, and incorporated into 59% porous dried bacteriophage films during LbL, or dropcast onto a film post-assembly. The theoretical prediction for each peak is shown with a dotted vertical line corresponding to the color of the experimental data. D. Shift in AuNPs absorption peak observed upon coating of the bacteriophage film with titania, before and after crystallization. M13 bacteriophage complexation with nanoparticles, layer-by-layer assembly onto a substrate, and biomineralization.
